chromatin immunoprecipitation (chIp) combined with high-throughput sequencing (chIp-seq) has become the gold standard for whole-genome mapping of protein-Dna interactions. However, conventional chIp protocols necessitate the use of large numbers of cells, and library preparation steps associated with current high-throughput sequencing platforms require substantial amounts of Dna; both of these factors preclude the application of chIp-seq technology to many biologically important but rare cell types. Here we describe a nano-chIp-seq protocol that combines a high-sensitivity small-scale chIp assay and a tailored procedure for generating high-throughput sequencing libraries from scarce amounts of chIp Dna. In terms of the numbers of cells required, the method provides two to three orders of magnitude of improvement over the conventional chIp-seq method and the entire procedure can be completed within 4 d.
IntroDuctIon
ChIP-seq is a powerful tool for mapping whole-genome histone modifications and transcription factor binding sites 1 . The technique involves immunoprecipitation of genomic fragments based on structural epitopes in the chromatin and genomic library preparation for high-throughput sequencing to identify enriched genomic regions. Owing to inefficiencies at both the immunoprecipitation and library preparation steps, large amounts of starting material are required for ChIP-seq experiments. Therefore, the technology has not been applicable to rare and biologically important cell types such as highly purified progenitors or biopsy samples. Several groups have developed small-scale immunoprecipitation protocols to overcome the challenges related to inefficiencies at the ChIP step [2] [3] [4] [5] . Although these approaches have successfully shown locus-specific analysis by quantitative PCR (qPCR) or systematic analysis by promoter arrays, such assays may not be effective and compatible with high-throughput sequencing technologies due to low enrichment of target regions and low yield of immunoprecipitated DNA. The latter obstacle is especially challenging, as protocols for sequencing libraries require relatively large amounts of DNA because of inefficient enzymatic reactions and inherent material loss during purification steps in the protocols. Although direct sequencing has been applied to limited amounts of diluted standard ChIP DNA 6 , the method has not been successfully applied to ChIP experiments that are constrained by limited cell numbers and the relevant technologies are not widely available. Here we describe a procedure for performing a ChIP-seq assay in limited samples 7 . The protocol is focused on one of the dominant short-read sequencing platforms, the Illumina Genome Analyzer, with the reasoning that any innovations could also be adapted for other platforms. Nano-ChIP-seq is distinct from another recently published small-scale ChIP-seq procedure, termed LinDA 8 . LinDA is based on a linear amplification step performed by in vitro transcription. It benefits from the faithfulness of linear amplification, but involves multiple procedures, including the full range of library preparation steps. Both protocols may benefit from further optimizations as investigators seek to characterize transcription factors or chromatin proteins with low pulldown efficiency or to work with yet scarcer cell samples, although this potential will ultimately be constrained by the genome complexity of the immunoprecipitated DNA.
Overview of key steps in the small-scale ChIP experiments
First, we optimized a ChIP assay that effectively enriches target regions in limited numbers of cells. To achieve this, we identified reproducible conditions that yield effective genome fragmentation, minimal sample loss and efficient target enrichments in chromatin pulldown. Specifically, we identified optimal sonication conditions for different cell types and cell numbers ( Table 1) . When using less than 50,000 cells, it is challenging to monitor the sonication efficiency using ethidium bromide agarose gels, as the total DNA yield falls below the detection limit of these gels. If input DNA is too low to visualize on ethidium bromide agarose gel, a PCRbased sonication efficiency monitoring protocol described by Dahl and Collas can be used 9 . We found that reducing the antibody and bead amounts is necessary to reduce background that results from nonspecific chromatin pulldown (Table 2) . Moreover, all washing steps have been performed in Spin-X columns that retain beadchromatin complexes while allowing the unbound fraction to flow through. The use of columns eliminates the risk of beads and material loss during wash steps and also provides more convenient pipetting and handling during washing steps.
Nano-ChIP-seq library preparation DNA yields from small-scale ChIP experiments are typically too low for conventional sequencing library protocols. On the basis of yields from large-scale ChIP experiments, a histone H3 lysine 4 (H3K4me3) ChIP from 10,000 cells is estimated to yield 10-50 pg of DNA. To overcome this obstacle, we adapted and optimized a random amplification method previously used for array platforms 10 . Our library preparation method is composed of three major stages. In stage A (Steps 41-49), ChIP DNA is primed with custom primers. These primers contain a restriction enzyme site (BciVI) and are designed to form a hairpin structure at low temperatures, which minimizes primer self-annealing during stage A. In stage B (Steps 50-54), the primed DNA is subjected to 15 cycles of PCR amplification using a second custom primer that also contains a BciVI site, yielding DNA fragments with adapter-like sequences on both ends. In stage C (Step 55), amplicons from stage B are subjected to restriction digestion with BciVI to yield 3′-Adenine nucleotides overhangs on both ends. These fragments can then be directly ligated to standard adaptors as in the Illumina sequencing library protocol (Fig. 1) . The method allows limited amplification of scarce ChIP DNA, including fragments that are single-stranded or lack intact ends, while eliminating several of the steps in standard ChIP-seq protocols. The protocol also eliminates material loss associated with column purifications during these steps. By combining specific additives and cycling conditions with a polymerase enzyme that is able to amplify GC-rich regions, we achieved faithful amplification of limited ChIP DNA. We also introduced a qPCR validation step using short amplicon primers to provide a general quality control metric for the sequencing libraries, as the scarce ChIP samples cannot themselves be evaluated.
Applications and limitations of the method
The protocol presented here has been optimized and effectively applied to generate several chromatin state maps from as few as 10,000 cultured embryonic stem cells as well as 25,000 fluorescence-activated cell sorting (FACS)-isolated hematopoietic stem and progenitor cells 7 . It should be applicable to other biologically and clinically important cell models. More generally, the accompanying whole-genome amplification procedure can potentially be adapted for sequencing of DNA from forensic, archeological or formaldehyde-fixed paraffin-embedded samples.
The success of a nano-ChIP-seq experiment is highly dependent upon the specificity of antibody and the pulldown efficiency during ChIP. Enrichment efficiency in a ChIP experiment depends on sufficient quantities of the recognized epitope and numbers of DNA molecules in the starting material. Therefore, although the nano-ChIP-seq method may be capable of amplifying exceedingly small amounts of DNA, the ultimate success of the experiment will depend on the ChIP procedure and whether suitable enrichments are achieved. This becomes increasingly challenging as cell numbers are further reduced ( <1,000) or when mapping the factors with lower prevalence and genomic coverage. We note that nano-ChIP-seq failures may be distinguished based on low genomic complexity and PCR amplification artifacts. Nonetheless, these telltale sequencing signatures along with qPCR quality controls may provide an opportunity to optimize the procedures and reagents such that a successful mapping experiment can be achieved. 
Experimental design
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2|
Resuspend freshly isolated (FACS sorted) cell pellet in 1 ml of cross-linking solution and incubate at RT for precisely 10 min with gentle shaking on horizontal shaker.  crItIcal step Please refer to the EXPERIMENTAL DESIGN section if the cell type of interest is not FACS isolated.
3|
Add 0.125 M final concentration of glycine to stop fixation (62.5 µl of 2 M glycine in total of 1-ml cross-linking solution) and incubate for 5 min at RT with gentle shaking on horizontal shaker.
4| Centrifuge cells at 1,600g for 5 min at RT and remove the supernatant and discard. ! cautIon The supernatant contains formaldehyde, which is toxic; therefore it should be appropriately disposed of according to local regulations.  crItIcal step Addition of 10% (vol/vol) serum (FBS) before centrifugation helps in pelleting the cells, and hence, preventing material loss during centrifugations. We also recommend using low-binding and low-retention 1.5 ml-Eppendorf tubes.
5|
Wash the pellet by adding 1 ml of room-temperature PBS containing 10% (vol/vol) serum and mix by rotating 3-4 times.
6|
Centrifuge cells at RT at 1,600g for 5 min and remove the supernatant and discard.
7| Add 100 µl SDS lysis buffer containing protease inhibitors (freshly added). Pipette up and down several times to ensure that the pellet is resuspended. ! cautIon Protease inhibitors are toxic.  pause poInt At this step, the lysate can be flash frozen and stored at − 80 °C until needed.
8|
Lyse the cells by incubating on ice for 10 min with intermittent, brief vortexing.
9|
Add 750 µl of ice-cold CDB with protease inhibitors added immediately before use and start the sonication process to achieve chromatin fragments of 150-600 bp. During sonication, ensure that the Eppendorf tube is properly secured, the sonication probe does not touch the side of the tube and the samples are ice cold at all times during sonication (Fig. 2) . In order to achieve this, keep the tube on wet ice while it is being sonicated. We used the Branson 250 Digital sonifier machine with 0.7 s 'On' and 1.3 s 'Off' pulses at 40% power amplitude.  crItIcal step We highly recommend optimizing the sonication conditions before the actual ChIP experiment. Please refer to table 1 as a general reference for sonication conditions for limited cell numbers. It should be noted that different sonifiers and cell types require separate optimizations.
10|
After sonication is completed, remove the tube from sonifier and add an additional 150 µl CDB containing protease inhibitors. Place the samples on ice at all times.
11| Remove a ~25-µl aliquot of sonicated chromatin solution and save it as an 'input' whole-cell extract (WCE) and store at 4 °C until ready for reverse cross-linking (see Step 26).
12|
Add appropriate amount of antibody to the remaining ~1 ml of chromatin solution and incubate at 4 °C in a rotator for overnight.  crItIcal step The concentration of antibody is dependent upon the quality and specificity of the antibody of interest. Excess antibody may result in greater background and reduced enrichments/specificity, whereas insufficient antibody may result in reduced sensitivity. table 2 is provided as a general reference, however, it should be noted that these concentrations are estimates based on a well-characterized histone methylation (H3K4me3) antibody that has relatively abundant target regions throughout the genome.
Day 2: chromatin pulldown and chIp washes • tIMInG 1-2 h 13| To wash protein A-Sepharose beads, take 20 µl of 50% protein A-Sepharose bead slurry into a low-binding Eppendorf tube and add 1 ml of ice-cold CDB; mix well and centrifuge at 1,000g for 30 s at RT. Remove the supernatant and discard, add another 50 µl of CDB to the washed beads and take all 60 µl of the bead slurry and add it to the sample.  crItIcal step If several samples are processed together, we recommend washing the necessary amount of beads together and distributing equal amounts of bead slurry to each sample.
14|
Incubate samples containing beads for 1 h at 4 °C on a rotating platform.
15| Centrifuge samples at 1,000g for 30 sec at 4 °C. Carefully remove the supernatant (flow through/unbound fraction) by aspiration or by pipetting without touching the bead pellet.  crItIcal step The flow-through should be kept at this step and DNA should be isolated to check for sonication efficiency.
16| Add 700 ml of ice-cold low-salt wash buffer solution on top of the beads with the chromatin-antibody complex.  crItIcal step Addition of the solution on top of the beads (not to the side of the tube) is enough to resuspend the beads and does not require pipetting up and down for resuspension.
17|
Resuspend the beads and transfer entire contents of the tube to a filter column (Spin-X) placed in the provided 2-ml Eppendorf tube.
18|
Centrifuge at 1,000g for 1 min at 4 °C to filter out the wash buffer. Alternatively, the column can also be centrifuged with short pulses (~5 s) at maximum speed until all the liquid is filtered out. Discard the flow-through, place the column back into the same 2-ml tube and add another 700 µl of low-salt wash buffer on top of the beads; mix thoroughly by inverting the tubes 4-6 times and centrifuge at 1,000g at 4 °C for 1 min (two washes in total). Discard the flow-through.
19|
Add 700 µl of LiCl wash buffer on top of the beads, mix thoroughly by inverting the tubes 4-6 times and centrifuge at 1,000g at 4 °C for 1 min. Discard the flow-through, place the column back into the same 2-ml tube and add another 700 µl of LiCl wash buffer on top of the beads; mix thoroughly by inverting the tubes 4-6 times and centrifuge at 1,000g at 4 °C for 1 min (two washes in total). Discard the flow-through.
20|
Add 700 µl of TE buffer on top of the beads, mix thoroughly by inverting the tubes 4-6 times and centrifuge at 1,000g at 4 °C for 1 min. Discard the flow-through, place the column back into the 2-ml tube and add another 700 µl of TE buffer on top of the beads; mix thoroughly by inverting the tubes 4-6 times and centrifuge at 1,000g at 4 °C for 1 min (two washes in total). Discard the flow-through.
21| Switch column to a new 1.7-ml low-retention Eppendorf tube. Add 125 µl of prewarmed ChIP elution buffer with freshly added 5 nM DTT (pre-prepare 1 ml of elution buffer with 5 µl from 1 M stock of DTT solution).
22|
Incubate at 65 °C for 15 min.
23|
Centrifuge at 5,000g for 1 min at RT (do not change the collection tubes).
24|
Add another 125 µl of ChIP elution buffer with freshly added DTT to the same column and incubate at 65 °C for another 15 min.
25|
Centrifuge at 5,000g for 1 min at RT to obtain a total of 250 µl of ChIP DNA in elution buffer.
26|
To the WCE sample (from Step 11) only, adjust the salt concentration in the WCE (input) by adding 225 µl CDB, 10 µl of 5 M NaCl, 20 µl of 10% (wt/vol) SDS and 1.25 µl of 1 M DTT.  crItIcal step The enriched samples DO NOT require the addition of these solutions because of the salt concentration in the elution buffer. chromatin reverse cross-linking • tIMInG 5 h 27| Place a layer of 300 µl of mineral oil over all samples, including the WCE, and reverse cross-link the samples by incubating at 65 °C for 5 h (or overnight).  crItIcal step Addition of mineral oil prevents evaporation of samples and hence the material loss by reducing the potential surface area with which the sample may come in contact.  pause poInt At this step, the reverse cross-linking step can be done overnight if needed.
28| After 5 h of reverse cross-linking, remove the samples from the heat block and allow them to cool down to RT.
proteinase K digestion, phenol extraction and ethanol precipitation • tIMInG 2-3h, plus overnight 29| Add 250 µl of proteinase K solution to each sample  crItIcal step Do not vortex or pipette up and down after the addition of proteinase K as this may result in uneven digestion due to micelle formation.
30|
Incubate at 37 °C for 2 h for degradation of proteins.  pause poInt At this step, proteinase K digestion can be performed overnight if needed.
31|
Add 500 µl of cold ultrapure phenol/chloroform/isoamyl alcohol to each sample and mix well by vortexing for at least 30 s.
32|
Centrifuge sample at maximum speed (16,000g) for 10 min at RT.
33| Remove top aqueous layer and pipette it into a new tube.
! cautIon The middle and bottom layers contain mineral oil and phenol-chloroform solutions, respectively. Phenol is highly toxic if it comes in contact with skin or if swallowed. It is harmful if inhaled. Waste should be disposed of according to local regulations.
34|
Precipitate DNA from aqueous layer by adding 1 ml of 100% ethanol, 40 µl of 3 M sodium acetate (pH 5.2) and 1 µl of glycogen (20 mg ml − 1 stock). Mix well and incubate overnight at − 20 °C.  crItIcal step Addition of glycogen helps to visualize the pellet. It is convenient to prepare a master mix by adding appropriate amounts of sodium acetate and glycogen to 100% (vol/vol) ethanol and use 1 ml of this master mix per sample.
Day 3: chIp Dna isolation • tIMInG 2-3 h 35|
After overnight incubation, centrifuge the samples at maximum speed (16,000g) for 20 min at 4 °C. A white pellet should be visible at the bottom of the Eppendorf tubes.
36|
Carefully pour off the ethanol or remove it with a pipette, without disturbing or losing the pellet. Add 1 ml of 70% (vol/vol) ethanol to the pellet and centrifuge at maximum speed (16,000g) for another 10 min. ), the protocol can be used to amplify ChIP DNA.  crItIcal step If required, the ChIP DNA can be vacuum concentrated to obtain 7 µl.  crItIcal step You should also set up two control reactions: a negative control (containing pure water only) and an input control (containing comparable amounts of WCE DNA to use as a normalize when testing libraries for ChIP enrichment).  crItIcal step If more than one sample is being processed at the same time, prepare a master mix of the reaction mixes to ensure that reagents are distributed homogeneously between samples. 
43|
Place the tubes containing only the priming reaction mix from
Step 41 in a thermal cycler programmed to 98 °C for 2 min, followed by rapid cooling to 8 °C for 3 min (see table 3 for stage A thermal cycling conditions).
44|
One min after the block has reached 8 °C, quickly remove the tubes from thermal cycler, pulse-spin them in the microcentrifuge, place on ice and add 5.05 µl of the pre-prepared stage A reaction mixture from
Step 42 to the sample; mix well by pipetting up and down 5-6 times.  crItIcal step Do not vortex the sample after addition of the reaction mix as this will result in sample loss on the sides of the tube (only pipette up and down 5-6 times).
45|
Place the tubes back in thermal cycler and gradually ramp up the heat from 8 to 37 °C over 8 min. Hold at 37 °C for 8 min (the end of cycle 1; see table 3 for stage A thermal cycling conditions).  crItIcal step A white precipitate may form because of the denaturation of BSA, but it should not affect the reaction efficiency. Go to section 1 Repeat three times, for a total of four cycles 12 4 °C Until removed from the cycler a Add reaction mixture in the first cycle but diluted Sequenase enzyme in the remaining three cycles. b Alternative ramping rates can be used depending on the thermal cycler as long as the temperature is ramped up from 8 to 37 °C over a period of ~8 min.
46| Prepare diluted Sequenase enzyme solution (1:4 dilution) by taking 0.9 µl of Sequenase dilution buffer (provided in the Sequenase kit) and 0.3 µl of the enzyme per each sample.
47|
Repeat Steps 43-45 for three more cycles, but instead of adding reaction mixture, now add 1.2 µl of diluted Sequenase enzyme (1:4 dilution from Step 46) when the thermal block reaches 8 °C.  crItIcal step Do not vortex the sample after addition of the diluted Sequenase enzyme as this will result in sample loss on the sides of the tube (only pipette up and down 5-6 times).  crItIcal step The Sequenase enzyme is not thermostable; therefore, diluted Sequenase enzyme needs to be added to the reaction after each cycle.
48|
Remove excess primer 1 by adding 3 µl of ExoSAP-IT reagent to each sample.
49|
Incubate reaction mixture at 37 °C for 15 min and then heat inactivate the ExoSAP-IT by incubating at 80 °C for 15 min. It is recommended to carry out this reaction in a thermal cycler. 
50|

53|
Carry out PCR purification using MinElute columns as suggested by manufacturer. Elute twice (25 µl, followed by 20 µl) with the provided elution buffer to obtain final volume of ~42 µl.  crItIcal step Combine the DNA from the four parallel PCR reactions (from Steps 51-52) at this step; after the addition of binding buffer (provided with DNA purification kit), combine all the samples and put it in the same MinElute column and carry out DNA isolation procedure.
 crItIcal step 15 cycles of PCR (in Step 52) may not yield enough DNA to visualize on an ethidium bromide agarose gel. To make sure that the protocol is working, initial optimization reactions can be performed using 25 PCR cycles. DNA input of 10 and 100 pg should yield roughly 50 and 200 ng, respectively, after 25 cycles of PCR. Approximately 100 ng of DNA can be run on a 2% agarose gel and a smear DNA product should be present between 100 and 700 bp depending on the initial fragment size of starting DNA material. ? trouBlesHootInG 54| Quantify the amplified DNA by using Quant-IT HS assay and the Qubit fluorometer according to the manufacturer's protocols.  crItIcal step It is recommended to perform ChIP-qPCR enrichment analysis at this step before performing the library preparations, using short amplicon (approximately 90-100 bp) primers against genomic regions enriched for the modification of interest (positive primer) as well as regions of the genome known to be devoid of modification of interest (negative primer). During qPCR reaction setup (qPCR conditions for the total volume of 25 µl per well are: 5 µl DNA (~2 ng), 7.5 µl primer (1 µM stock) and 12.5 µl of 2× SYBR green master mix enzyme), we recommend using 1. 
56|
The next day (day 4), heat-inactivate the restriction enzyme by incubating the reaction mix at 65 °C for 20 min.
57|
Clean up the DNA by using the MinElute PCR purification kit as suggested by the manufacturer. MinElute twice (20 µl, then 15 µl) with the provided elution buffer.  crItIcal step At this step, the amplified DNA fragments will have 3′-A overhangs, which is required for the subsequent Illumina adapter ligation step. As a negative control, an undigested sample can be processed; it should not be able to ligate to the adapters and hence amplify in Step 59.  crItIcal step From this point on adapter ligation, size selection and PCR amplification should be performed according to the standard Illumina library preparation procedure and with the reagents recommended by the protocol. Please refer to Illumina's protocol for further details (http://www.illumina.com/technology/chip_seq_assay.ilmn). During the size-selection stage, please note that we recommend selecting fragment sizes between 250 and 600 bp. 60| Clean up the DNA by using the MinElute PCR purification kit as suggested by the manufacturer. MinElute twice (20 µl, then 10 µl) with the elution buffer provided.
58|
61| Size selection and gel extraction. Add 5 µl of 6× DNA loading dye and run all DNA on freshly prepared 2% (wt/vol) agarose gel for ~90 min at 120 V.  crItIcal step Use a clean electrophoresis apparatus and run an empty lane between each sample or use one gel per sample to avoid cross-contamination.
62|
Size-select the adapter-ligated DNA fragments by cutting a gel slice corresponding to fragment sizes between 250 and 600 bp.
63|
Purify the DNA from the agarose gel slice using Qiagen's gel extraction kit according to the manufacturer's procedure. Elute twice with 25 µl of the provided elution buffer each time.
 pause poInt The isolated DNA can be stored at -20 °C and PCR amplification step can be performed the next day. 
66|
Perform PCR purification by using the MinElute PCR purification kit as suggested by the manufacturer. Elute twice with 20 µl and 12 µl of the elution buffer provided with the kit.
67|
Use 2 µl of the amplified DNA to quantify the concentration by using the Quant-IT Pico green assay. ? trouBlesHootInG 68| Aliquot ~50 ng of library DNA, add an appropriate amount of 6× DNA loading buffer and run on a freshly prepared 2% (wt/vol) agarose gel for ~90 min at 120V to make sure that amplified DNA is a smear of fragments between 250 and 700 bp.
? trouBlesHootInG
69|
The DNA is now ready for high-throughput sequencing.  crItIcal step While aligning the high-throughput sequencing reads from a nano-ChIP-seq experiments, we noticed the first nine bases of the sequencing reads had higher mismatch rates, possibly due to imperfect hybridization of random primers. Therefore, we recommend trimming the first nine bases of sequencing reads before genome alignment and subsequent analysis.
? trouBlesHootInG Troubleshooting advice can be found in The expected yield of DNA from any ChIP experiment is dependent upon multiple factors, including the amount of soluble chromatin, the efficiency of sonication, the specificity of the antibody and the abundance of the target protein. Starting with chromatin from 10,000 cells, it is estimated that an antibody against a relatively abundant histone modification, similar to H3K4me3, will yield 10-50 pg of DNA. We effectively used this protocol to acquire H3K4me3 chromatin state genome-wide in as few as 10,000 mouse embryonic stem cells. If starting cell number is < 10,000 or the target protein is less abundant, this protocol may require further optimization. Owing to scarce amounts of DNA procured from small numbers of cells, it is challenging to quantify the DNA concentration and efficiently assess the ChIP enrichments by qPCR. Therefore, we recommend analyzing ChIP enrichments after stage A and B amplification with short amplicon primers spanning 80-90 bp region of interest.
stages a and B amplification (steps 41-54)
Stages A and B aim to amplify any trace amount of DNA in a relatively unbiased manner. At the end of stage B, all DNA fragments will have an adapter-like DNA sequences at both ends that also contain the BciVI restriction site. After restriction digest, these fragments will bear 3′-Adenine overhangs, allowing seamless integration into the adapter ligation step of the conventional Illumina library protocol. Starting from ~50 pg of sonicated DNA, stages A and B amplification reactions are estimated to yield 10-50 ng of DNA after 15 cycles of PCR. Higher numbers of PCR cycles (~25 cycles) are recommended during initial optimization of these steps to obtain enough DNA to validate fragment sizes by ethidium bromide agarose gel. Running products from stages A and B on a 2% (wt/vol) agarose gel should produce a DNA smear with fragment sizes ranging 200-700 bp that are comparable to original ChIP DNA fragment sizes. The exact sizes of fragments should be comparable to the initial sonicated material.
Slight shifts in the size of amplified fragments may be observed because of inefficient sonication and the tendency of PCR to better amplify longer fragments. It is therefore important to start with efficiently sonicated chromatin. Moreover, some users observed significant variability in the fragment sizes in different PCR thermal cyclers. We think this is due to fragments self-annealing during stage A and B amplifications. Increasing the annealing temperature in the stage B PCR conditions can help to overcome this issue.
We also highly recommend including a negative control sample containing only water during stage A and B amplifications. The negative control sample might yield some nonspecific products after 25 cycles of PCR due to primer self-annealing; however, this product should be markedly less abundant after cycles of PCR and should also run lower (80-150 bp) on the gel. If excessive amounts of nonspecific product are obtained, primer concentrations should be optimized. During the actual protocol, the ExoSAP-IT treatment and limited PCR amplification (15 cycles) should minimize the primer self-annealing causing nonspecific product amplification. Starting from 10,000-20,000 cells or approximately 10-50 pg of ChIP DNA, the nano-ChIP-seq protocol presented here should yield approximately 100-200 ng of library DNA.
